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The formation of structural patterns during metallic solidification is complex
and multiscale in nature, ranging from the nanometer scale, where solid–
liquid interface properties are important, to the macroscale, where casting
mold filling and intended heat transfer are crucial. X-ray and proton imaging
can directly interrogate structure, solute, and fluid flow development in
metals from the microscale to the macroscale. X-rays permit high spatio-
temporal resolution imaging of microscopic solidification dynamics in thin
metal sections. Similarly, high-energy protons permit imaging of mesoscopic
and macroscopic solidification dynamics in large sample volumes. In this
article, we highlight multiscale x-ray and proton imaging of bismuth-tin alloy
solidification to illustrate dynamic measurement of crystal growth rates and
solute segregation profiles that can be that can be acquired using these
techniques.

INTRODUCTION

During phase transformations in metal alloys, the
relative mobility of solute, interfaces and thermal
energy dictate product length scales. These char-
acteristics are particularly relevant in solidification
processing, where changes in solute or heat flow can
manifest dramatic changes in interface stability.
Importantly, the patterning developed at one length
scale, such as dendrite arrays, is implicitly tied to
larger and smaller length scale phenomena, such as
macroscopic heat flow and convection and the
liquid–solid interface energy. To accelerate the
development, manufacture, and deployment of
advanced materials,1 we must effectively combine
theory and modeling with experiments to funda-
mentally understand microstructural development
across multiple length scales.2,3

Continuous imaging of metals at the microscopic,
mesoscopic, and macroscopic scales during solidifi-
cation is possible with the use of synchrotron
x-ray4–11 and proton12 sources. X-rays permit the
examination of small metal volumes (<1 mm3) and
thin sections (e.g., 0.1–0.2 mm) at micrometer spa-
tial resolution (e.g., 2 lm features).4–12 The

penetrating power of protons permits imaging of
mesoscale and macroscale structure in larger metal
volumes (e.g., >10,000 mm3) and thicker sections
(e.g., 6 mm)12 at reduced spatial resolution (�20–
150 lm features) over larger fields of view than are
achievable with x-rays. Direct imaging of metal
solidification enables unprecedented understanding
of solidification dynamics that will inform model
parameterization, development, and verification
and will revolutionize solidification technology
developments.

In this article, we highlight some examples of
multiscale x-ray and proton imaging of structural
development in bismuth-tin (Bi-Sn) alloys during
solidification. Specifically, bismuth crystal growth
dynamics and characteristics are measured and the
dynamical development of macrosegregation is
presented.

EXPERIMENTAL METHODS

Synchrotron x-ray imaging was performed at the
Sector 32-Insertion Device beamline at Argonne
National Laboratory’s Advanced Photon Source
(APS). A monochromatic 28-keV x-ray beam was
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used. X-rays pass through a thin metal foil and
impinge upon a scintillator, where they are con-
verted to visible light. A mirror is positioned behind
the scintillator and a fast videocamera records the
reflected image; the nominal imaging frame rate
was 0.46 Hz and the field of view was 1.4 9 1.7 mm.
The camera captured images with a demagnified
pixel size of 0.74 lm. An 0.1-mm-thick, 11 9 30-mm
metal alloy sample was inserted into a boron nitride
crucible; this configuration was inserted into a
slotted steel rod with a 5 mm through hole perpen-
dicular to the flat plane of the crucible to accom-
modate the beam path and permit imaging of the
sample foil. The steel rod was heated using two
independently controlled water-cooled induction
coils centered above and below the sample position;
the rod was instrumented with thermocouples to
provide temperature monitoring and feedback con-
trol. Thermocouples were placed nominally 0.5 mm
from the edge of the through hole to measure the
thermal gradient across the imaging region. The
thermocouples used to control the induction coils
were approximately 38 mm away from the center of
the imaging through hole. Control of the power to
each of the coils allowed for a range of thermal
gradients and cooling rates to be imposed on the
metal sample. The thermal profile was controlled to
solidify the foil from the bottom upward.

Complementary proton imaging of thin and thick
metal sections was also performed. Eight hundred
MeV multiframe flash proton radiography (pRad),
available at Los Alamos National Laboratory’s
(LANL) Los Alamos Neutron Science Center (LAN-
SCE), was invented for dynamic materials stud-
ies.13,14 We have recently pioneered the use of
protons to image dynamic phenomena during
melting and solidification.12 A collimator is placed
at the Fourier plane of the proton imaging system (a
location in the optics where scattering in the object
is mapped to radial position) that generates contrast
in the proton radiograph by removing protons of a
specified angular range. The collimation can be
adjusted to optimize the contrast-to-noise ratio for a
wide range of object thicknesses, from 200 mg cm�2

to 50 g cm�2. The system has been optimized over
the years to resolve<1% relative density changes
during dynamic experiments.15 At 800 MeV, proton
image resolution is limited by chromatic aberrations
of the protons, focused by the magnetic imaging
lens, and the resolution of the detector system. A set

of magnifying imaging lenses is placed between the
object and the camera system to reduce chromatic
aberrations and increase magnification.16–19 This
improves the resolution of the system by both
reducing chromatic aberrations and scaling the
image size to the experimental region of interest. A
summary of the imaging characteristics for the
various pRad lenses and x-ray configurations is
provided in Table I.

Graphite crucibles with a thinned window area
and an internal pocket to hold a metal alloy section
were used for dynamic proton imaging experiments.
Each crucible was instrumented with thermocou-
ples to provide temperature monitoring and feed-
back control. The crucible ends were heated using
independently controlled induction heaters. The
power to each induction coil was controlled, allow-
ing for the desired thermal gradient and cooling
rates to be imposed on a metal section. Solidification
progressed from the bottom of the section upward in
these experiments. Static proton images (without a
crucible) were acquired for the 0.1-mm-thick Bi-
30 at.% Sn alloy foil imaged with x-rays.

All the transmission radiographs were postpro-
cessed to maximize local contrast of microstructural
features of interest and to normalize the grayscale
to a consistent reference. Image analysis was per-
formed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).20 To remove arti-
facts in the x-ray images resulting from local vari-
ations in brightness due to variation in the beam
intensity and sample thickness, the total image se-
quence was divided by the blurred average of a
series of images where the sample was fully liquid.
For the proton radiographs, the images of the
samples were divided by representative images of
only the beam to normalize the brightness across
the image to account for variations in the beam
intensity with position. All of the measurements
reported in this study were made on background
subtracted images and represent the average of at
least three replicate measurements.

RESULTS AND DISCUSSION

Near-eutectic Sn-Bi alloys are promising poten-
tial replacements for lead-containing solder alloys.
However, the tendency of bismuth to form faceted
crystals during solidification may result in detri-
mental mechanical behavior.21 Bismuth can

Table I. Proton and x-ray imaging characteristics

Imaging configuration Spatial resolution (lm) Field of view (mm) Sample size (mm)

pRad identity 150 120 9 120 40 9 35 9 3
pRad 93 65 44 9 44 25 9 50 9 6.5
pRad 97 25 17 9 17 4.5 9 10 9 0.5
X-rays at APS 32-ID-C 2 1.4 9 1.7 10 9 35 9 0.2
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transition between faceted and rough interface
crystal growth, which is sensitive to alloying.22–26

While the microstructural development of Bi-Sn
alloys has been well studied using traditional
metallographic and decanting techniques, rapid
faceted growth of solid bismuth from the retained
liquid meniscus layer on preexisting surfaces during
decanting results in uncertainties surrounding fac-
eted bismuth crystal growth rates and ledge mor-
phologies.23,26 Real-time imaging provides an
opportunity to dynamically study bismuth crystal
growth morphologies and kinetics in Bi-Sn alloys
over multiple length scales to improve our under-
standing of microstructural development.

Figure 1 shows multiscale solidification struc-
tures in Bi-Sn alloys. A representative x-ray image,
highlighting faceted primary bismuth crystal
growth in a 0.1-mm-thick Bi-Sn alloy section, is
shown in Fig. 1a. Clearly, the spatial resolution

afforded by x-ray imaging provides microscopic
structural information for this constrained thick-
ness across an imaging field of view on the order of
several square millimeters. Representative proton
images from thin and thick sections are shown in
Fig. 1b–e. Proton imaging allows for the dynamic
visualization of bismuth crystals and the measure-
ment of crystal sizes and size distributions during
growth. Solid–liquid interface macrosegregation is
also visible in Fig. 1d. Growth rates of individual
crystals would be difficult to assess by traditional
metallographic examinations, and liquid metal
decanting would preclude measurements of solute
segregation in the liquid. Proton imaging can also
be used to assess casting design. A single image
from a 20-Hz video of a Sn-30 at.% Bi alloy casting
mold filling is shown in Fig. 1e. Direct imaging of
casting permits the visualization of metal fluid flow
and reveals dynamic melt/mold interactions.

Fig. 1. Example images of multiscale structural development in Bi-30 at.% Sn alloys during directional solidification of (a) a 0.1-mm-thick foil
imaged using 28 keV coherent x-rays and proton imaging of (b) the 0.1-mm-thick foil in (a) using the 97 magnifier, (c) directional solidification of
an 0.5-mm-thick section using the 97 magnifier, (d) directional solidification of a 6.5-mm-thick section using the 9 3 configuration, and (e) casting
mold filling of a 3-mm-thick plate using the identity lens (Bi-70 at.% Sn alloy). Darker regions correspond to higher density.

Fig. 2. (a) X-ray image of primary bismuth crystal ledge growth in 0.1-mm-thick foil of a Bi-30 at.% Sn alloy solidified in a constant gradient of
10�C cm�1 at a cooling rate of 20�C min�1 and (b) the measured ledge height (left axis, squares) and growth velocity (right axis, circles). Times
are indexed to the first frame showing the growth of the isolated crystal in (a). The arrow in (a) indicates the growth direction of the step-like ledge
on the crystal. The uncertainty limits in (b) represent the standard deviation of three measurements; the uncertainty in the velocity measurements
is typically smaller than the plotted symbols. The lines in (b) are intended as a visual guide of the data.
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Figure 2a further highlights the growth of a
crystal ledge on a faceted bismuth crystal in a 0.1-
mm-thick Bi-30 at.% Sn alloy during directional
solidification in a constant gradient of 10�C cm�1 at
a cooling rate of 20�C min�1. Absorption of the x-
rays creates the primary contrast in the image in
Fig. 2a; the highly absorptive primary bismuth
crystal therefore appears dark compared with the
adjacent tin-rich liquid. Figure 2b summarizes the
velocity and height of the ledge seen in Fig. 2a as a
function of time starting 35 s after the crystal’s first

appearance in the x-ray images. At the time of the
first ledge height measurement, the bismuth crystal
is approximately 280 lm across, which is almost
three times the foil thickness. The crystal is likely
continuous between the crucibles walls at this point,
and the growing faces are assumed to be perpen-
dicular to the imaging direction. The initial ledge
velocity was rapid, around 3 lm s�1, but it quickly
decreased to zero after 60 s of growth. Correspond-
ingly, the height of the ledge initially increased to
approximately 22 lm before decreasing with
increasing time up to about 60 s, ending with a
stable ledge height of 13 lm.

Using the ledge height and velocity data from
Fig. 2b, the volumetric growth rate of the ledge was
calculated; these data are shown in Fig. 3. The
volumetric ledge growth rate decreased monotoni-
cally from an initial value of approximately
0.36 mm3 min�1 to nearly zero. The overall volu-
metric growth rate of the crystal is also shown in
Fig. 3, calculated by measuring the total area of the
crystal, assuming a 0.1-mm thickness. The overall
growth rate of the crystal decreased with increasing
time, starting at approximately 23 mm3 min�1 be-
fore the nucleation of the ledge and decreasing to
approximately 5 mm3 min�1. After the initiation of
the ledge in Fig. 2b, the overall growth rate of the
crystal remained relatively constant, within the
experimental scatter in the data, at about
2 mm3 min�1. The relatively low volumetric growth
rate of the ledge compared with the overall crystal
suggests pseudo-ledge growth, rather than true
ledge growth, for this example.27

The thin foil shown in Fig. 2a was also imaged
using the 97 magnifier at pRad, as shown in Fig. 4,
representing the first demonstration of structural
imaging of a metal at �25 lm spatial resolution
using protons. In the proton image, the multiple
scattering of protons by denser features in the

Fig. 4. Direct comparison between (a) a static pRad and (b) an x-ray images from a dynamic sequence of the same 0.1-mm-thick Bi-30 at.% Sn
alloy foil. (c) Measured bismuth crystal size as a function of distance from the bottom of the foil in Fig. 4a. The plotted effective edge lengths are
normalized to the mean effective edge length (260 lm), assuming a square projected cross section. The solid box indicated in (a) corresponds to
the imaged region in (b), whereas the dashed box in (a) highlights the region used to make the measurements in (c).

Fig. 3. Overall (left axis, squares) and ledge (right axis, circles)
volumetric growth rates for the isolated primary bismuth crystal in
Fig. 2a as a function of time. Times are indexed to the first frame
showing the growth of the crystal. The shaded band corresponds to
growth rates measured during directional solidification of a 0.5-mm-
thick section imaged with the 97 magnifier at pRad. The lines are
intended as a visual guide of the data.
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sample creates darker regions in the image; bis-
muth-rich regions therefore appear darker than the
tin-rich regions. Detailed features of the bismuth
crystals, such as ledges, are not resolvable in the
pRad image in Fig. 4a, but the larger field of view
permits the measurement of bismuth crystal sizes
and distribution. Figure 4c shows the relative
crystal sizes of 179 individual crystals measured
from a reduced area in Fig. 4a (shown by the dashed
box in Fig. 4a); the crystal sizes in Fig. 4c are nor-
malized to the average effective edge length of
260 lm, assuming a square projected cross-section,
and they are plotted as a function of vertical posi-
tion within the sample. Several larger crystals are
visible in the measured region in Fig. 4a, which may
represent overlapping, or adjacent, individual crys-
tals. These large clusters were treated as a single
large particle for the crystal size measurements
because they likely would have interacted during
growth and the individual crystals could not be
separated in the images. Qualitatively, there seems
to be a higher density of smaller crystals at the top
of the section, near where the x-ray image mea-
surements associated with Figs. 2 and 3 were made.
The gradient in bismuth crystal size implies that
the local conditions for growth varied along the
length of the foil. There were minimal changes in
crystal size in the horizontal direction at either the
top or the bottom of the measured region in Fig. 4a.
The relatively flat thermal gradient imposed on the
sample during directional solidification likely mini-
mized horizontal nucleation and growth rate chan-
ges in the sample, whereas solute segregation
resulting from directional solidification likely en-
hanced the crystal size variations in the vertical
direction.

Proton imaging with the 97 magnifier also
enabled dynamic imaging of high-density alloy

solidification in thicker sections than those achiev-
able with x-rays. The image in Fig. 1c is a frame
from a proton video of directional solidification of a
0.5-mm-thick Bi-30 at.% Sn alloy section in a con-
stant thermal gradient of 65�C cm�1 and a cooling
rate of 40�C min�1. Projection through a thick cross
section (0.5 mm compared with the 0.1-mm-thick x-
ray foil) and overlapping crystals makes interpre-
tation of the images more difficult, particularly with
respect to volume fraction determinations. The ini-
tial growth rate of individual crystals can be readily
quantified, however. The overall volumetric bis-
muth crystal growth rate after the first appearance
of bismuth crystals within the top 3 mm of the
section was approximately 2.31 ± 075 mm3 min�1,
whereas the growth rate within the lower 5 mm of
the section was 1.39 ± 1.0 mm3 min�1. The growth
rates measured during directional solidification of
the 0.5-mm-thick section are indicated in the sha-
ded band in Fig. 3. The growth rate of individual
crystals in the ‘‘thick’’ section are consistent with
those measured for the individual bismuth crystal
in the x-ray images prior to the decrease in indi-
vidual crystal growth rate during final solidifica-
tion. While the x-ray images represent the growth of
a single crystal in a relatively constrained volume of
liquid (the crystal edge length exceeds the foil
thickness 6 s after the initiation of growth), the good
agreement between the overall growth rates mea-
sured in the thick and thin sections emphasizes
that, in cases where local transport criteria are
prevalent compared with long-range parameters,
thin sample measurements can be used to accu-
rately inform larger length scale understanding.

Proton radiography also enables imaging of large
fields of view and thick sections with the 93 mag-
nifier and identity lenses (approximately
44 9 44 mm and 120 9 120 mm, respectively).

Fig. 5. (a) Areal density map from a proton radiograph of directional solidification of a 6.5-mm-thick, Bi-30 at.% Sn alloy solidified in a constant
gradient of 5�C cm�1 at a cooling rate of 2�C min�1 showing the effect of solute pile-up on density variation in the liquid near the solid–liquid
interface. Dark regions in the image correspond to lower density. (b) Concentration changes across the interface as a function of distance from
the bottom of the sample for three progressive increments of primary bismuth solid fraction, as measured from proton radiographs.

Multiscale X-ray and Proton Imaging of Bismuth-Tin Solidification 1489



Figure 5a shows a representative proton density
map during directional solidification of a 6.5-mm-
thick section (25 9 50 mm width and height) of a
Bi-30 at.% Sn alloy solidified in a constant gradient
of 5�C cm�1 at a cooling rate of 2�C min�1. In
Fig. 5a, light regions correspond to high areal den-
sity, whereas dark regions represent lower density;
this is inverse contrast compared with the image
shown in Fig. 1d. The entire sample height is not
visible in Fig. 5a; the bottom of the image is
approximately 14 mm up from the bottom of the
section. Individual bismuth crystals cannot be eas-
ily resolved in this image, although some crystals
are visible in front of the solid–liquid interface. A
clear contrast change is observed along the length of
the sample in Fig. 5a, particularly near the solid–
liquid interface. The contrast variation corresponds
to projected density changes from the primary bis-
muth crystals at the bottom of the sample up
through the tin-rich solutal gradient within the li-
quid near the solid–liquid interface. Figure 5b
shows the measured local concentration of bismuth
along the section length within the field of view for
increasing increments of solid fraction and time. To
calculate concentration from the contrast variations
in Fig. 5a, the areal density of the sample was first
calculated using the known constant density of the
graphite crucible adjacent to the sample, which was
then correlated with the observed density contrast.
The density variation within the liquid was then
converted to concentration using Eq. 1.

XBi ¼ 0:27qs � 1:87 (1)

where qs is the calculated density of the sample
from the proton radiograph and XBi is the concen-
tration of bismuth in the liquid. Equation 1 was
determined by linear regression to known liquid
densities for several Bi-Sn alloys from the litera-
ture, as well as the densities of the pure ele-
ments.28–31 Equation 1 does not describe the density
of the solid primary bismuth at the bottom of the
sample. The density of first solid at the bottom of the
sample was consistent with the expected density of
bismuth, 9.4 ± 0.1 kg m�3; the plateau in density at
smaller distances from the bottom of the section in
Fig. 5b were forced to fit a concentration repre-
senting pure bismuth. In front of the solid bismuth
layer, each of the concentration profiles exhibit a
region of initially decreasing bismuth concentration
with increasing distance. This region corresponds to
the two-phase solid/liquid mushy zone. The tin
concentration in the mushy zone may not be accu-
rately represented because the presence of solid
bismuth was not included in Eq. 1. Beyond the
mushy zone, the bismuth concentration increases
with increasing distance, and the long-range con-
centration of bismuth in the liquid eventually ap-
proaches the bulk alloy composition.

The rejection of tin during the growth of the pri-
mary bismuth crystals resulted in a zone of lower

density liquid in front of the solid–liquid interface.
The results in Fig. 5b provide a quantitative mea-
sure of the development of macrosegregation during
directional solidification. The concentration profiles
in Fig. 5b show that the solute boundary layer ex-
tends several millimeters in front of the mushy
zone. Using the ratio of the tin diffusivity in the
alloy liquid (1.0 e�8 m s�1) and an approximate
growth velocity for the primary bismuth at the
bottom of the section (approximately 40 lm s�1), a
boundary layer thickness of approximately 0.2 mm
is estimated. Even the relatively slow solidification
of this 25 9 50 9 6.5-mm sample results in a sub-
stantially thicker diffusive layer than predicted,
assuming purely diffusive mixing.23,26,32 The solute-
enriched layer also emphasizes that a complete
mixing assumption is not valid in this case, while
complex transport mechanisms likely provide more
rapid mixing than diffusion alone.

The long-range boundary layer of tin in the liquid
may also lend some insight into the relative growth
rates observed for the bismuth crystals in Figs. 2b
and 1c. In both cases, bismuth crystals nucleate in
advance of the overall solidification interface in a
region that has relatively high tin concentration
(see Fig. 5b). With increasing solid fraction in the
section, the local solute environment adjacent to the
isolated crystals is further increased in tin. Initial
growth in a highly supersaturated environment
likely dictated the initial rapid growth rate seen in
Fig. 3, whereas the subsequent decrease in local
supersaturation in the liquid adjacent to the grow-
ing crystal resulted in the precipitous decrease in
growth rate.

In addition to obtaining growth rates in a solute
field, the observation of sedimentation during
directional solidification informs the interpretation
of local phase fractions. The volume fraction of bis-
muth crystals in the 100-lm-thick section shown in
Fig. 4a was quantified using point counting; the
measured primary bismuth volume fraction was
60 ± 0.4 vol.%. The volume fraction of primary
bismuth was also estimated from the proton image
of the 6.5-mm-thick section in Fig. 1d; the measured
volume fraction of primary bismuth was
57 ± 0.2 vol.%. While rigorous measurements of the
as-solidified 6.5-mm-thick sample from Fig. 5a were
not made, metallographic observations of the sec-
tion suggest that the primary bismuth crystals
constitute approximately 60% of the total sample
volume. These three values agree reasonably well
with simple predictions of primary and eutectic
constituent volume fractions using the Schiel and
equilibrium models that predict a volume fraction of
about 55 vol.% primary bismuth.33 The spatial dis-
tribution of bismuth crystals in Fig. 4c and the long-
range sedimentation of primary bismuth crystals in
Fig. 5a indicate that macrosegregation of bismuth
to the bottom of the sample due to primary bismuth
crystal growth was substantial, which may explain
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the slight discrepancy between the measured and
expected amount of bismuth within the field of view.

CONCLUSION

Multiscale solidification images have been pre-
sented that highlight dynamic structural develop-
ment during solidification. X-rays permit high
spatio-temporal resolution imaging of thin metal
sections, whereas 800 MeV protons permit imaging
of mesoscale and macroscale structural and solutal
development in thin and thick metal sections. Pro-
ton imaging is also ideally suited to understand
casting design and mold filling, including alloy melt
fluid flow and macrosegregation. Although bismuth-
tin alloys have been presented in this study, the
techniques employed to dynamically image metals
can also be used to investigate high-density alloys
for structural and energy-critical applications, as
well as advanced manufacturing. Direct imaging of
metal solidification enables unprecedented access to
the inherently multiscale nature of solidification
processing to enable the identification of critical
parameters that must be understood and incorpo-
rated into theory and models to achieve predictive
capability and the manufacture of materials with
improved properties, performance, and reliability.
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